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The object of this study was to devise a method for the chemical isolation of intracellular myofibrils from other components of striated muscle and to study the morphology and physical and chemical properties of the isolated myofibrils.
It is generally believed that the myofibril is the contractile unit of the muscle fber and that actomyosin is the chief constituent of the myofibril. SzentGyorgyi (1) has emphasized that the myofibril is a highly organized structure and that extracted actomyosin is no longer the same susbstance that existed in the muscle. Myofibrils have been obtained previously with some success by microdissection of fresh muscle or skeletal muscle which had been macerated in dilute acid. Hall, Jakus, and Schmitt (2) obtained myofibrils for study with the electron microscope by agitating formalin-fixed muscle in a Waring blendor. These methods do not yield myofibrils in large numbers or in a state suitable for physiologic or chemical study.
In devising a method for the isolation of myofibrils, it was necessary to follow as far as possible precautions which workers in the feld of chemistry of muscle have taken to obtain undenatured proteins. This report is concerned with a method for preparing myofibrils from mammalian skeletal and cardiac muscle at O°C. and at a physiologic pH and ionic strength. It depends principally upon differential enzymatic action on components of the muscle fiber followed by mechanical agitation and controlled centrifugation. Some properties of myofibrils of skeletal muscle will be described.
Methods

Preparation of Myofibrils from Frozen Skdetal Muscle of Rabbits.--Young adult rabbits
were anesthetized and exsanguinated. The hind legs were skinned. Small blocks of anterior thigh muscle (white muscle), totaling about 4 gin., were excised. The blocks of muscle were placed on a freezing microtome so that cross-sections of the muscle fibers could be obtained and then quickly frozen by exposing them to COs from all sides at once. This was done by packing gauze around the base of the freezing unit of the microtome and covering the muscle and freezing unit with a small glass dish. The elapsed time from the death of the animal until complete freezing of the muscle was 10 to 15 minutes. The blocks of muscle were then cut in serial sections, 15 microns in thickness. The frozen sections were transferred directly to an enzyme-buffer solution. The microtome knife and rod used for transferring frozen sections were chilled by a stream of CO2. Frozen sections which showed evidence of partial thawing were rejected.
The enzyme-buffer solution was prepared by adding 20 rag. of trypsin (Difco 1-250) (5,0 cc. of a 0.4 per cent filtered trypsin solution) to 250 cc, of potassium phosphate-citric acid buffer (pH 7.0, ionic strength 0.25).
The enzyme-buffer solution was chilled to 0°C. before the frozen sections of muscle were added. The mnscle-enzyme-buffer preparation was gently stirred mechanically at0°C, for 30 minutes. At intervals after this, a frozen section was removed and mounted on a slide under a glass coversllp for microscopic study. If gentle pressure on the coverslip with a teasing needle was sufficient to rupture the sarcolemma and permit the escape of myofibrils, the digestion was terminated (Fig. 1) . Digestion usually required 30 to 45 minutes.
The digestive process was terminated by separating the muscle from the enzyme-buffer solution at low speed in a refrigerated centrifuge. The clear yellow supematant enzyme-buffer solution was discarded. The muscle was washed gently with 5 volumes of a cold solution (potassinm phosphate-citric acid buffer solution, pH 6.4, ionic strength 0.25). This solution was removed by centrifuging at low speed and decanting. Forty cc. of similar buffer solution was then added to the muscle. The mixture was agitated in a cold Waring blendor for 10 seconds. This was sufficient to rupture the sarcolemma and release the myofibrils. Longer periods of agitation were avoided.
A microscoRic study at this stage revealed many individual myofibrils with good histologic detail, bundles of two or more unseparated myofibrils, a moderate number of unseparated muscle fiber fragments, strands of connective tissue, and nuclei. The myofibrils, when examined with the polarizing microscope, were bireffingent. Fig. 2 shows individual and partially separated myofibrils characteristic of this stage of isolation.
The crude preparation of myofibrils was suspended in 5 volumes of cold buffer solution (potassium phosphate-citric acid buffer solution, pH 6.4, ionic strength 0.25). The preparation, grayish white and opaque, was centrifuged at 400 mp.~r, for 3 minutes. The sediment contained coarse impurities. It was discarded. This was repeated twice. The supernatant solution was then centrifuged at 2,000 R.P.M. for 15 to 20 minutes. This sediment, which contained most of the myofibrils, was washed several times by suspending it in 20 volumes of cold buffer solution, centrifuging at 2,000 R.P.m for 15 minutes, and discarding the supernatant solution. The supernatant solution from the first washing was opaque and gave a weakly positive biuret reaction. The supernatant solution from the third washing was clear and gave a negative biuret reaction. Further elimination of grosset impurities was obtained by centrifuging several times at 400 R.P.M. for 3 minutes and finally at 1,000 R.P.~. for 1 minute. The final preparation formed a gray-white flocculent mass which gradually settled leaving a clear colorless supernatant solution. The suspensions of myofibrils were stored at 2°C. in the presence of a trace of toluene.
Preparalgon of Myofibrils from Unfrozen Skdetal Muscle of Rabbits.--The animals were
sacrificed in the usual way. The remainder of the procedure was carried out in the cold. A hind leg was skinned and packed in ice. The leg was perfused with cold neutral phosphatecitric acid buffer solution until the perfusate was clear. The leg was then perfused with cold buffer solution (potassium phosphate-citric acid, pH 7, ionic strength 0.25) which contained twice the concentration of enzyme used for frozen sections. Fifteen to 20 cc. of the enzymebuffer preparation was perfused through the leg every 10 to 15 minutes. At the end of 90 minutes, white muscle from the anterior thigh was excised, cut into thin slices, and teased in the cold as finely as possible. The teased muscle was placed in cold buffer solution which con-rained one-fourth to one-half as much enzyme as was used for frozen sections. The preparation was stirred for 10 minutes. The digestive process was stopped when gentle pressure applied to a muscle fiber mounted under a coverslip resulted in separation of myofibrils. The remainder of the procedure was the same as for sections of muscle prepared with the freezing microtome.
Preparation of Myofibrils from Frozen Cardiac Muscle of
Rabbits.--The rabbits were sacririced in the usual manner. The heart was removed, opened, and washed with cold buffer solution. The ventricular wails were excised, rapidly frozen on the freezing microtome, and cut into sections, 15 microns in thickness. The sections were placed into 100 cc. of cold buffer solution (potassium phosphate-citric acid buffer solution, pH 7, ionic strength 0.25) which contained approximately one-half to two-thirds the concentration of enzyme used for frozen skeletal muscle. The remainder of the procedure was the same as for frozen sections of skeletal muscle.
Preparation of Myofibrils from Other
Spedes.--Human skeletal muscle obtained at operation and skeletal muscle from dogs, guinea pigs, and golden hamsters were subjected to the same treatment as that described in the preceding paragraphs.
The precautions which workers in the field of protein chemistry have taken to obtain undenatured protein of muscle have been observed as far as possible in developing this method. Care has been taken to obtain fresh muscle and to keep the entire system at low temperatures during the process of isolation of fibrils. Neutral buffer solutions were used and the pH of preparations was checked at various stages with the glass electrode. The ionic strength of the buffer solutions corresponded to that which has been calculated to exist within the muscle fiber. The procedure was carried out as speedily as possible to minimize the effect of autolysis.
The rabbit was used as routine as the source of muscle but the guinea pig can be used with equal success. If skeletal muscle of the dog is used, it is best to perfuse the leg first with ice cold buffer solution to remove the blood. Human rectus abdominis and pectoralis major muscles were obtained at the time of surgery. The muscle was frozen within 10 minutes of the time of resection. Human myofibrils were isolated without difficulty. The method failed in two attempts with skeletal muscle of the frog and in one attempt with muscle from the claw of a crayfish.
The work, at first, was done with unfrozen muscle. Long elastic myofibrils with excellent microscopic detail and birefringence could usually be obtained. The procedure, however, was laborious and the separation of the muscle into myofibrils was less complete than in later work, when thin frozen sections were used.
The proteolytic enzymes, trypsin 1-250 (Difco) or papain 1-30 (Difco), gave similar results when used in equal amounts. Trial and error was the best method for determining the optimum concentration of enzyme for facilitating separation of myoflbtils. When the optimum concentration of enzyme had been attained, myofibrils which were left in the enzyme-buffer preparation at 0°C. for 48 hours appeared unchanged. The addition of antienzymatic substances to stop digestion of muscle was not necessary. Washing of the treated muscle fibers was sufficient to stop digestion.
McIllvaine's phosphate-citric acid buffer solution was used routinely. Dipotassium phosphate was substituted for disodium phosphate. The ionic strength was a calculated value. The pH was checked with the glass electrode.
KH2PO4-K~IP04 buffer solutions of similar ionic strength and pH were also satisfactory. Separation of muscle into myofibrils was negligible in solutions which did not contain phosphate. Solutions of NaC1 (physiologic or ionic strength 0.25, pH 6.4) and papain were unsatisfactory.
Trypsin worked best in the range, pH 5.9--7.1. The histologic detail was poor in myofibrils separated in buffer solutions, more alkaline than pH 7.4.
Papain gave satisfactory results in the range, pH 6.1-7.0.
PROPERTIES OF MAM~alALIAN STRIATED ~IYOFIBRILS
Separation into myofibrils became progressively more complete as the ionic strength was increased from 0.15 to 0.25. At an ionic strength of 0.5, separation failed to occur and the muscle fibers quickly became granular.
Histologically, it was difficult to differentiate between muscle fibers subjected to digestion and untreated control fibers. The myofibrils were held in place by the sarcolemma during the digestive process. It was necessary to rupture the sarcolemma by gentle pressure or by agitation in a Waring blendor in order to release the myofibrils. The "Z" bands which may hold the myofibrils in alignment were rarely seen after digestion. Nor were they frequently seen in untreated control preparations. The means by which the enzymes in 30 to 45 minutes at 0*C. affect muscle so that the myofibrils become separated from one another is not clear.
Separation of fresh frozen muscle into myofibrils in control buffer solutions has not occurred. Frozen sections of fresh rabbit muscle, cut at 15 microns, were placed in cold buffer solutions (pH 1-12, ionic strength 0.15 to 0.75). No enzyme was added. These preparations were kept at 0--4"C. and were observed periodically for 24 hours. Separation of myofibrils did not occur throughout the observed range.
Separation of myofibrils did not occur when frozen sections of muscle were placed in a variety of inorganic and organic acids of varied concentrations. Pepsin in acid buffer solutions also failed to facilitate separation of myofibrils from frozen sections of muscle.
Separation of myofibrils occurred in pectoral muscle of the sparrow and thigh muscle of the guinea pig which after death remained at room temperature for 8 hours and then in the refrigerator for 4 days before frozen sections were cut and placed in cold buffer solution without enzyme. It was necessary to rupture the sarcolemma in order to release the myofibrils. Human pectoral muscle obtained 6 hours after death and refrigerated for 4 days failed to separate into myofibrils when frozen sections were placed in cold buffer solution without enzyme.
A pure preparation of myofibrils was not obtained by centrifugation after preliminary rupture of the sarcolemma. The chief contaminants were small fragments of muscle fiber with unruptured sarcolemma and bundles of two or more adherent myofibrils. Connective tissue and nuclei were largely eliminated by centrifugation. The difficulty of purification was increased by the lack of uniformity in length of the myofibrils. Myofibrils of more uniform length could be obtained by cutting cross-sections of the muscle fibers. Purifcation by repeated centrifugation resulted in a great loss of myofibrils although several milligrams of a fairly pure preparation could be obtained from approximately 4 gm. of muscle.
Attempts to purify myofibrils by passing them through sintered glass and other coarse flters were unsuccessful. A few small myofibrils could be filtered through coarse falter paper and viscon rayon filters.
RESULTS
Skeletal Muscle
The final Suspension of myofibrils formed a gray-white fiocculent mass. Microscopic examination revealed that 90 to 95 per cent of the preparation consisted of myofibrils. Most myofibrils were single but bundles of two or more unseparated myofibrils were occasionally encountered. An occasional strand of connective tissue, a rare nucleus, and a small amount of amorphous material were also found in most preparations.
Histology.--Long myofibrils had a tendency to cling to each other and to glass in tangled masses. The myofibrils often would wave or bend during streaming motion induced in the liquid on the glass slide under the coverslip. Each myofibril was cylindrical and measured 0.25 to 1.2 microns in diameter in fixed preparations. The length of myofibrils varied from a few microns up to 100 microns. The borders were sharply defined. "A" and 'T' disks were distinct but a "Z" line was rarely visible. Hensen's disk was occasionally detected.
The "A" disk was most distinct immediately after the myofibril had been separated from the muscle fiber. Mter the myofibril had been washed, the "A" disk became less sharply defined. Myofibrils remaining in the enzyme-buffer solution for several hours had darker "A" disks than those of washed myofibrils. The darkness of the "A" disk also varied with the pH of the buffer solution in which the fibril was immersed. Myofibrils suspended in potassium phos- phate-citric acid buffer solutions (ionic strength 0.15) usually showed slightly darker "A" disks in the range, pH 5-6.4, than they did in the range, pH 7-9.
Myofibrils stained with phosphotungstic acid-hematoxylin showed a marked decrease in diameter. The diameters of "r' disks decreased more than those of "A" disks. This gave myofibrils a beaded appearance. Staining brought out no microscopic detail which could not be seen in unstained myofibrils.
Birefringence.--When examined with the polarizing microscope, myofibrils had a glistening blue-gray color and were birefringent. The effect of pH on birefringence is illustrated in Text- fig. 1 .
The myofibrils were suspended in a series of buffer solutions (ionic strength 0.15, pH 1.0-12.0). The temperature of the solutions was kept at 4°C. or below. Sorensen's citrate-HCl buffer solutions were used for the lowest pH range. Potassium phosphate-citric acid buffer solutions were used in the range from pH 2.0-9.0. Sorensen's borate-NaOH buffer solutions were used for the range, pH 9.25-12.0. The myofibrils were observed after 1 hour and 24 hours.
A loss of birefringence occurred on the acid side of pH 4.0 and the alkaline side of pH 10.0. At these points the myofibrils could no longer be resolved at high magnifications. It was assumed that they dissolved.
Solubility.--Qualitative studies of solubility of skeletal myofibrils of the rabbit in buffer solutions of varying pH and ionic strength were carried out. The only criterion used for determining the degree of solubility of the myofibril was the microscopic appearance. If the histologic detail of the myofibril remained good and there was no decrease in the number of myofibrils, the myofibril was considered to be insoluble. If no trace of myofibrils could be found, The solubility of myofibrlls in KH~P04-K~HPO4 buffer solutions of varying ionic strength in the range, pH 5.5-8.0, was also studied (Text- fig. 2 ). When ionic strength was 0.15 or 0.25, no change was found in the myofibrils throughout the observed pH range. When ionic strength was 0.5 or 0.75, the myofibrils were partially soluble between pH 5.5 and 6.3. On the alkaline side of pH 6.3, they dissolved completely.
The solubility of myofibrils of the rabbit in buffer solutions containing potassium chloride was studied. Potassium chloride in varying amounts was dissolved in phosphate-borate buffer solutions which had an ionic strength of 0.05 and a pH range from 6.0-11.0 (Text-fig. 3 ). Myofibrils suspended in buffer solution in which the ionic strength of potassium chloride was 0.15 (total ionic strength 0.20) were insoluble in the range, pH 6.0-9.0. The myofibrils were partially soluble between pH 9.0 and 10.0. At pH 10.0 they dissolved completely. When the ionic strength of potassium chloride was 0.25 (total ionic strength 0. 3 . This graph shows variation of solubility of skeletal myofibrils of the rabbit in KCl-phosphate-borate buffer solutions. The ionic strength of the KC1 was varied while that of the phosphate-borate buffers remained constant (0.05). The pH of the buffers varied from 6.0 to 11.0. The myofibrils were completely soluble at an ionic strength of 0.3 when solutions were alkaline to pit 8.0. At ionic strengths of 0.50 and 0.75 the myofibrils were completely soluble when solutions were alkaline to pH 6.0.
• (total ionic strength 0.50), the myofibrils were completely soluble on the alkaline side of pH 6.0. When the ionic strength of potassium chloride was 0.70 (total ionic strength 0.75), the myofibrils were also completely soluble throughout the pH range of 6.0-11.0.
Skeletal myofibrils of an 81 year old man studied in a similar way were found to be only slightly less soluble than those of the rabbit.
Skeletal myofibrils of the rabbit suspended in 0.15 u sodium iodide at 0-2°C. became barely visible in the course of 30 minutes. Faint striations were still detectable in some myofibrils. Birefringence of the myofibrils became fainter as the myofibrils lost substance. At the end of 30 minutes birefringence could not be detected.
Viscosity of Solutions of Myofibrils.--Skeletal myofibrils of the rabbit dis-
solved in 5 to 10 volumes of 0.5 ~r KC1-0.03 N NaHCOa gave viscous solutions. The viscosity was not measured. Effect of Adenosinetriphosphate.--The sodium salt of ATP was prepared from the barium salt and the solution was neutralized to pH 7.0. The preparation consisted of approximately equal parts of ATP and ADP. Skeletal myofibrils of the rabbit in concentrated suspension (0.1 cc.) were added to 2.0 co. of 0.075 per cent ATP-ADP solution at room temperature. Two effects were observed, microscopically. First, the myofibrils had a tendency to agglutinate in small clumps and secondly, the myofibrils were converted into small oval or round dense masses in which no histologic detail could be distinguished. This appeared to be a result of shrinkage or contraction. Not all myofibrils were affected to this extreme degree. The "shrinking" process began after 5 to 10 seconds and was complete within 5 to 30 seconds. At higher concentrations of ATP-ADP the process was more rapid and complete. The ATP-ADP solutions at a concentration less than 0.075 per cent produced little effect. Human myofibrils reacted in a similar manner. Fig. 3 illustrates the greatly shortened, densely staining myofibrils of the rabbit as they appear after exposure to a solution of adenosinetriphosphate and diphosphate.
Cardiac Muscle
Striated birefringent myofibrils were obtained which resembled those of skeletal muscle. Preparations of 90 to 95 per cent purity were more difficult to obtain than with skeletal muscle. DISCUSSION Edsall (3) found that myosin (now considered to have been actomyosin) when dissolved in alkaline 0.5 M KC1 gave a viscous solution with good birefringence of flow. "Myosin" first became appreciably soluble between the ionic strengths of 0.25 and 0.3 at pH 7.4. In salt solutions with an ionic strength of 0.3 or more but below the salting out range, "Myosin" was soluble at a pH alkaline to 6.0. "Myosin" was insoluble at all salt concentrations between pH 5.0 and 5.0. In the absence of salt, "myosin" dissolved when solutions were acid to pH 5.0 and alka]ine to pH 10.0. Gel formation occurred in solutions with a low salt concentration between pH 5.5 and 8.5. Potassium iodide in relatively low concentration denatured "myosin" and caused a loss of birefringence of flow.
In comparison, we found that myofibrils when dissolved in 0.5 M KC1 --0.03 N NaHCOs gave a viscous solution with good birefrigence of flow. Myofibrils in salt solutions with an ionic strength of 0.3 were partially soluble between pH 7.0 and 8.0 and dissolved completely at pH 8.0. In salt solutions with an ionic strength of 0.5 the myofibrils were completely soluble on the alkaline side of pH 6.0-6.3 and partially soluble in range, pH 5.5-5.9. Myofibrfls suspended in salt solutions with an ionic strength of 0.15 (at which ionic strength the solubility of "myosin" is extremely low) dissolved completely on the acid side of pH 4.0 and on the alkaline side of pH 10.0. Sodium iodide in 0.15 concentration caused almost complete disappearance of the myofibrils in 30 minutes.
Buchthal, Deutsch, and Knappeis (4) showed that ATP or ADP applied to the isolated muscle fiber produces twitches or a tetanus-like contraction of the muscle fiber. Szent-Gyorgyi (1) showed that actomyosin in the form of a solution or thread contracts in the presence of KC1 and ATP. A concentration of ATP of 0.01 to 0.1 per cent was necessary. Frozen sections of muscle contracted violently under the same conditions. We found that isolated intact myofibrils in neutral potassium phosphate-citric acid buffer solution contracted irreversibly into spherical masses when placed in 1.0 cc. of 0.075 per cent ATP-ADP solution. Little change in the myofibrils was noted at lower concentrations of ATP-ADP.
The degree of alteration which the myofibrils suffered during our process of isolation is unknown. Immunologic studies may assist in answering this question, although difficulties may be encountered in comparing products obtained by extraction of whole muscle with those obtained by extraction of isolated myofibrils.
SUMM'ARy
A new method for the isolation of large numbers of individual myofibrils from fresh mammalian skeletal and cardiac muscle has been described. Purification of isolated myofibrils was accomplished by differential centrifugation of fresh frozen sections of muscle which had been mechanically agitated after exposure for 30 to 45 minutes at 0°C. to the action of a dilute solution of trypsin in a phosphate buffer solution with a pH of 7.0 and an ionic strength of 0.25.
Isolated skeletal myofibrils of the rabbit and man have similar constant solubility properties. They dissolve in an aqueous mixture of 0.5 N potassium chloride and 0.03 N sodium bicarbonate, giving viscous solutions which exhibit conspicuous birefringence of flow. They are soluble in buffer solutions (ionic strength 0.15) on the acid side of pH 4 and alkaline side of pH 10. If the ionic strength of potassium phosphate buffer solutions is increased to 0.5 or if the ionic strength of phosphate-borate buffer solutions is increased to a similar value by addition of potassium chloride, the isolated myofibrils become soluble at neutrality. Hence, it is possible, first to isolate the myofibrils and then dissolve them without deviating appreciably from physiologic ranges of pH.
The extent to which myofibrils are modified by the conditions imposed by the method of isolation is unknown. There is no significant change in microscopic structure or optical birefringence. Furthermore, there is retention of a form of physiological reactivity, for when the isolated skeletal myofibrils are immersed in solutions of adenosinetriphosphate, they promptly and irreversibly change from elongated fibrils with distinct structural detail into dense spherical masses without recognizable microscopic structure.
BIBLIOGRAPHY
